It is well known that the bioavailability of iron is rather poor but the precise mechanisms of intestinal iron absorption are still not well characterized. Homeo stasis of body iron is primarily regulated by its absorption in the proximal small intestine (1) . Iron takes several forms in the intestinal lumen and presumably their uptake requires different pathways dependent on their forms. Heme iron is directly transported into the enterocyte via heme receptors on the brush border membrane (2) . Transferrin-and lactoferrin-bound iron have been suggested to be absorbed by a receptor-mediated endocytosis mechanism (3) (4) (5) . Inorganic iron absorption occurs in a two-step mechanism including uptake by the enterocytes and release from the cells, and the latter step involves active transport (6, 7) . Studies on the uptake mechanism of inorganic ferrous and ferric iron suggested the existence of carrier proteins of inorganic iron on the brush border membrane (8-10) and some investigators have reported their purification (11) (12) (13) . However, their definite characterization and function have not been fully described. It is also suggested that the nuclear DNA-binding protein NF-E2 may regulate the genes involved in iron uptake (14) , although which proteins are regulated by NF-E2 in the entero cytes has not been established.
We have found a membrane-associated iron-binding complex on the brush border membrane of the rat by in vivo study (15) . This finding led to a search for the complex by in vitro studies. We report here specific iron binding sites in the detergent-solubilized brush border membrane of the rat by in vitro binding assay and an increase in the number of binding sites in iron-deficient animals, suggesting that the binding sites play a significant physiological role in iron absorption. 
MATERIALS AND METHODS

Animals
RESULTS
Preparation of BBM The purity of the BBM was assessed by estimating the activities of sucrase , a specific marker enzyme for the BBM, and Na+, K+-ATPase, a marker enzyme for contamination of the basolateral membrane. The specific activity of sucrase in the BBM preparation increased 17-fold over the homogenate of the scraped mucosa (specific activity in the BBM was 3.45U/mg of protein while that in the homogenate unlabelled Fe(II), Fe(III) or diferric transferrin at the same concentration. These values were almost the same as in the control medium in which iron was removed.
On the other hand, approximately 50% of the bound 59Fe was removed by the chelators. Figure 4 shows a representative elution pattern when solubilized BBM was applied on Sepharose 6B. Two peaks of Fe(II) binding activity were observed and their apparent molecular weights were approximately 250 and 120kDa. Both of them separated distinctly from ferritin (470kDa) and transferrin (80kDa). SDS PAGE of solubilized BBM at a reduced condition revealed three protein bands with iron binding activity and their apparent molecular weights were estimated to be 143, 100 and 77kDa (Fig. 5) . The percentage of remaining 59Fe bound to immobilized BBM after the second incubation was calculated where the radioactivity after the first incubation is taken as 100%.
Molecular size
Distribution of the specific iron binding sites
The whole intestine from rats with normal diet was divided into three equal segments and iron binding assay for Fe(II) was performed using the BBM from each segment. The dissociation constants were almost the same in the three segments (Table 1) while the number of low-affinity sites was significantly the highest at the proximal third ( Table 2) .
Effect of iron deficiency
Rats were fed a low-iron diet and distilled water for a week to induce iron 
DISCUSSION
We identified specific iron binding sites in the solubilized BBM from the rat small intestine. These binding sites were specific for Fe(II) and consisted of two sites, high-affinity and low-affinity sites. The number of low-affinity sites increased significantly in rats fed the low iron diet (Table 2) . We also found Fe(III) binding sites, however the Kd for both high-and low-affinity Fe(III) binding sites were higher than those for Fe(II) sites. This finding indicates that the Fe(III) binding sites had weaker affinity than the Fe(II) binding sites and we did not extensively study the Fe(III) binding sites. medium (Fig. 1, 2A ). Binding to Fe(II) was considerably higher than that to Fe(III) and occurred at physiological pH (Fig. 3) . A scatchard plot indicated that two Fe(II) binding sites existed in the BBM (Fig. 2B ). Simpson and co-workers have mentioned that iron uptake by mouse BBM vesicles consists of two compo nents (10) . The rapid, high-affinity binding is sensitive to metabolic inhibitors and shows adaptive responses to iron status (29, 30) . The low-affinity, NaCl-and pH-sensitive component represents transfer of iron across the BBM, which is mediated by non-esterified fatty acids (31) (32) (33) . The binding sites we found may correspond to the former of these two components but it is not clear whether or not they are identical. The experiment on the reversibility showed that bound Fe(II) could not be replaced with Fe(II), Fe(III) or transferrin-bound iron once it bound to the solubilized BBM and approximately 50% of bound Fe(II) was removed from the membrane by chelators such as EDTA, dithiothreitol, or ascorbic acid (Table 3) . Muir and co-workers reported similar observations (9); they showed that the membrane bound affinity of Fe(II) was weaker than dithiothreitol but stronger than ascorbic acid. We also found that the membrane-associated iron-binding complex had weaker affinity for Fe(II) than EDTA by in vivo experiment (15) .
Fe(III) binding to the solubilized BBM was fairly smaller than Fe(II) binding. This finding suggests that Fe(II) and Fe(III) are taken up by the mucosal cells by different absorptive mechanisms. Muir and co-workers reported similar results (9) . We also reported that concanavalin A inhibited Fe(II) absorption from the ligated duodenal sacs in rats while it showed no effect on Fe(III) and diferric transferrin absorption (34) .
The apparent molecular weights of iron-binding peaks were found to be 250 and 120kDa by gel filtration (Fig. 4) . Each of these fractions had both high-and low-affinity binding sites (data not shown). On SDS-PAGE under reduced conditions, the bands with iron binding activity were found to be 143, 100 and 77 kDa (Fig. 5) . Previously, we showed 131-, 103-and 80-kDa bands from the membrane-associated iron-binding complex of rat BBM (15) . Each band from the membrane-associated iron-binding complex could correspond to each iron binding band in this study. Stremmel and co-workers reported a 52-kDa binding protein from the rat BBM (12) while Nichols and co-workers found 120-, 95-, 55-and 35 -kDa proteins from rat IEC-6 cells subcellular vesicle fraction (35) . In other species, O'Donnell and Cox described a 100-kDa protein from rabbit (11) and Teichman and Stremmel isolated a 160-kDa Fe(III) binding protein from human BBM and discussed it as a trimer comprised of 54-kDa subunits (13). We do not know the exact molecular sizes of these iron binding sites in the non-denatured state but it is likely that the results from this study confirm the molecular sizes of our in vivo study (15) . It is still unknown whether the 77-kDa band with iron binding activity is transferrin. In the previous experiment we found transferrin binding sites on the BBM (5) and transferrin in the solubilized BBM immunologically but not in the 80-kDa band (15) , suggesting that the 77-kDa band may not be transferrin.
The distribution of the iron binding sites revealed that the number of low affinity sites was significantly higher in the BBM from the proximal third of the intestine compared with the rest of the intestine (Table 2 ). This finding is consistent with the fact that iron absorption mainly occurs in the duodenum (1, 6, 36) and suggests that the low-affinity sites might be important in iron absorption .
Several investigators reported that one week's feeding of the low iron diet is enough to develop iron deficiency in rats (37, 38) . Topham and co-workers reported that only 24h of feeding of the low-iron diet result in a 2-fold increase in iron uptake (39) . We also observed that two day's feeding of the low-iron diet increased iron absorption (unpublished observation). Therefore, one week's feed ing of the low-iron diet was employed in the iron-deficiency experiment. The experiment with the low-iron diet showed that the number of iron binding sites in the iron-deficient rats was significantly higher compared with that in the control animals ( Table 2) . These results are also consistent with the previous reports (11 , 12, 36-38) .
From the distribution experiment and the iron-deficiency experiment, it was shown that the number of specific Fe(II) binding sites, especially the low-affinity sites, was higher in the upper intestine and the iron-deficient rats compared with the lower intestine and the iron-replete rats, respectively. These findings suggested that the binding sites play a significant physiological role in iron absorption in the rat. Further purification and characterization of the binding sites could determine whether they are identical with the membrane-associated iron-binding complex previously reported (15) and how they are involved in the iron absorption mecha nism. IRON   BINDING  TO SOLUBILIZED  BRUSH  BORDER  MEMBRANE  431 
